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ABSTRACT 
 
             Soybean rust, caused by Phakopsora pachyrhizi, is one of the most potentially 
devastating foliar diseases of soybean, particularly in areas with mild winters. Tan lesions with 
two or more sporulating uredinia indicate a susceptible reaction. Resistance to soybean rust is 
characterized by the development of reddish-brown (RB) lesions or a symptomless immune 
response, though considerable variation in lesion diameter, color and sporulation has been 
observed among resistant soybean germplasm accessions that develop RB lesions. The objective 
of this study is to compare the reactions of accessions with different resistance symptoms to P. 
pachyrhizi infection. Ten soybean plant accessions were rated two weeks after inoculated with 
two P. pachyrhzi isolates for lesion type and appearance, relative lesion density and average 
lesion diameter. Quantitative real-time polymerase chain reaction was performed to measure 
fungal growth following inoculation of detached leaves of different accessions that exhibited 
different types of resistance reactions in the greenhouse. From the experiments, we confirmed 
that some SBR-resistant germplasm accessions developed distinctly different reaction 
phenotypes when challenged with certain isolates of P. pachyrhizi. We also concluded that 
quantitative PCR assays to quantify P. pachyrhizi DNA within infected soybean plant tissue can 
show the variation in the amounts of P. pachrrhizi DNA on infected soybean tissue between 
susceptible cultivars and reistant cultivars, as well as among different resistant cultivars.  
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
 
Soybean rust (Phakopsora pachyrhizi Syd. & P. Syd.) is one of the most devastating 
foliar diseases of soybean, particularly in areas with mild winters like tropical and sub-tropical 
regions of Africa, Asia and South America, where yield losses from 10 to 80% have been 
reported (Miles et al., 2011). Heavily infected plants become defoliated and mature more rapidly 
than plants not infected with rust (Hartman et al., 2005). In general, conditions that promote 
good growth and full canopy development in a soybean crop also favor development of soybean 
rust (Miles et al., 2003). Soybean rust can have a significant financial impact when a severe 
epidemic develops. When the disease occurred for the first time in Brazil, government estimates 
of total grain losses due to rust in the 2001-02 crop season (41.917 million tons) reached 569,220 
t (US$125.5 million, at US$220.50/t) (Yorinori et al., 2005). In the following years, up to 2007, 
loss estimates in Brazil amounted to US$10 billion (Yorinori, 2008; Soares, 2008). In Japan, 
total yield losses due to soybean rust can be up to 40%, and in Taiwan, the loss can be up to 80% 
(Ivancovich, 2008). Because it is difficult to detect the fungus early in the infection cycle, 
farmers have a very short timeframe in which to apply fungicides to control the disease. Even 
with fungicide application, there may still be yield losses (Calvo et al., 2008).  
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Phakospora pachyrhizi 
 
History of soybean rust. Asian soybean rust (SBR), caused by Phakopsora 
pachyrhizi Syd. & P. Syd., was first reported in Japan in 1903, and is apparently endemic to East 
Asia (Sinclair and Hartman, 1999). SBR was limited to the Eastern Hemisphere until it was 
found in Hawaii in 1994 (Miles et al., 2003). It was then identified in eastern and southern Africa 
between 1996 and 1998, and was first reported in Brazil and Paraguay in 2002. On November 6, 
2004, symptoms of SBR were first observed in the continental United States near Baton Rouge, 
Louisiana (Schneider et al., 2005). Since then, SBR has been reported on soybean or kudzu in up 
to 19 different states, and it moved as far north as Ontario, Canada, in late 2007 (sbr. 
ipmpipe.org/cgi-bin/sbr/public.cgi). The first report in the Unites States of P. pachyrhizi 
infection on a plant species other than soybean or kudzu was on Florida beggarweed 
(Desmodium tortuosum (Sw.) DC.) in southwestern Georgia (Sconyers et al., 2006), followed by 
reports of SBR on scarlet runner bean (Phaseolus coccineus L.), lime bean (P. lunatus L.), and 
two kidney bean (P. vulgaris) cultivars (Miles et al., 2007). 
SBR distribution in North America. The distribution of SBR in North America 
varies considerably during each growing season due to the inability of the fungus to survive 
year-round in areas where its hosts are killed or defoliated by frost during the winter. Because 
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the pathogen is an obligate biotroph, its wintertime range is restricted to areas that do not get 
severe frost, and microclimates along the Gulf Coast where kudzu foliage is protected from frost 
injury. From these locations it can move northwards during the following growing season 
(Hartman and Haudenshield, 2009).  
       Causal organisms of soybean rust. Soybean rust is caused by two species: Phakopsora 
meibomiae (anamorph Malupa vignae), which may be endemic to tropical areas in the Americas, 
and P. pachyrhizi (anamorph M. sojae) (Ono et al., 1992; Sinclair and Hartman, 1999), which 
can produce more severe losses in soybean. Due to the many similarities between these two 
species, they were thought to be same until Ono et al. (1992) conducted a detailed morphological 
study. The two species can be differentiated on the basis of morphological characteristics of the 
telia (Bonde et al., 2008). Telia of P. pachyrhizi contain teliospores in one to seven layers. The 
teliospore walls are pale yellowish brown to colorless, and 1 µm thick, or slightly thicker 
apically in the uppermost spores. Telia of P. meibomiae contain one to four layers of teliospores, 
and the teliospore walls are cinnamon brown to light chestnut brown, and 1.5-2.0 µm thick 
(Sinclair and Hartman, 1999).  Determination of the nucleotide sequence of the internal 
transcribed spacer (ITS) region revealed that there is greater than 99% nucleotide sequence 
similarity among isolates of either P. pachyrhizi or P. meibomiae, but only 80% sequence 
similarity between the two species (Frederick et al., 2002). Frederick et al. (2002) developed and 
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identified classical and real-time fluorescent PCR assays to differentiate between P. pachyrhizi 
and P. meibomiae. In this thesis, “SBR” refers to either P. pachyrhizi or the disease caused by it. 
P. pachyrhizi is an obligate parasitic fungus (Bromfield, 1984; Ono et al., 1992). 
Unlike rust fungi with five different stages in their life cycles, P. pachyrhizi is not known to have 
aecial or pycnial stages. The main infective spore type for P. pachyrhizi is the urediniospore 
(Bromfield, 1984). Teliospores may serve as overwintering structures, but their role in disease 
epidemics is unknown (Bromfield, 1984; Marchetti et al., 1975). The pathogen overwinters in a 
number of alternate host plants, including kudzu in the southern U.S. (Panthee et al., 2009). 
Germination of teliospores under natural conditions has not been reported, but teliospores have 
been observed to germinate under artificial conditions, producing one to four basidiospores 
(Saksirirat and Hoppe, 1991).  
        Uredinia can develop 5 to 8 days after initial infection, and the first urediniospores can 
be produced 9 days after infection (Marchetti et al., 1975; Koch et al., 1983). After landing on 
susceptible host tissue under appropriate conditions, urediniospores start to germinate by 
developing a single germ tube within 1 to 2 hours when inoculated in a dark, humid environment 
at conducive temperatures (Fig.1; Bonde et al., 1976). About 2 hours after inoculation, the tips of 
germ tubes swell to form appressoria over anticlinal walls of epidermal cells (Bonde et al., 1976; 
Koch et al., 1983). Within 6 hours after germination, over half of the germinated urediniospores 
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have developed appressoria (Koch et al., 1983). In a study by Mclean (1979), germ tube length 
increased up to 24 hours after inoculation, and the maximum mean germ tube length was 110.6 
μm. Unlike most other rust fungi, P. pachyrhizi is able to penetrate leaves directly through the 
epidermis, rather than using stomatal openings (Goellner et al., 2009). Within 7 hours after 
inoculation, an appressorial cone forms inside the appressorium, and then a penetration hypha 
directly traverses the epidermal cell. (Koch et al., 1983). Upon penetration, an epidermal cell 
breaks down, showing signs of cell death. The role of epidermal cell death for resistance or 
pathogenesis is not known (Hukelhoven et al., 2009). After penetration, the hypha grows through 
the epidermal cell and reaches the intercellular space, after which primary hyphae and secondary 
hyphae form. The formation of a septum in the hypha after penetration also occurs. This may 
help to protect the hyphae inside the plant tissue from dehydration as the leaf surface dries again. 
Haustoria mother cells are differentiated within mesophyll cells 24 to 48 hours after initial 
contact between urediniospores and a susceptible host (Fig. 1; Koch et al., 1983). At 7 to 9 days 
after inoculation, hyphae aggregate to form uredinial primordia in which urediniospores 
differentiate (Marchetti et al., 1975). At 9 days after inoculation, urediniospores are released by 
rupture of the epidermis, and uredinia can actively disseminate urediniospores for 4 weeks 
(Marchetti et al., 1975; Koch et al., 1983).  
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Fig. 1.1 Initial development stages during interations of P. pachyrhizi with host plants 
(schematic). Germinating urediniospores (sp) produce a single germ tube (gt) with an 
appressorium (app) in the end. A funnel-like structure, the appressorial cone (cone), forms inside 
the appresorium, and then develops into a penetration hypha (penh), traversing epidemal cells 
(epi). The penetrated cells die. A primary hypha (ph) is separated from the penetration hypha by 
a septum, and branches into several secondary hyphae (sh) in the intercellular space of the 
mesophyll. Then a haustorial mother cell (hmc) is formed from which the pathogen invades a 
mesophyll cell (meso), forming the first haustorium (hau) (Koch et al., 1983; Goellner et al., 
2010; figure adapted from Goellner et al. 2010) 
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Some specific environmental conditions reportedly affect formation and sporulation of 
P. pachyrhizi uredinia on infected leaves (Yang et al., 2011). Temperatures from 15 to 28  C are 
optimal for infection and spread of the pathogen, as long as there are at least 6 to 12 hours of 
surface moisture on the host tissue (Marchetti et al., 1976; Melching et al., 1989).  
Methods for short-term and long-term urediniospore preservation have been reported 
(Furtado et al., 2008; Twizeyimana and Hartman, 2010). Soybean rust urediniospores can be 
periodically transferred to fresh detached leaves for short-term maintenance (Paul et al., 2011), 
but the most suitable long-term storage for rust urediniospores has been liquid nitrogen 
(Cunningham, 1973; Twizeyimana and Hartman, 2010).  
Host range of P. pachyrhizi.  A study by Ono et al. (1992) identified 91 different 
species in Papilionoideae that could serve as hosts of P. pachyrhizi, and a recent study by 
Slaminko (2008) identified another 65 species. Until now, six species have been reported as 
hosts for P. pachyrhizi in the United States (Slaminko et al., 2008), including soybean (Schneider 
et al., 2005); kudzu, Pueraria lobata (Willd.) Ohwi (Harmon et al., 2005); Florida beggarweed, 
Desmodium tortuosum (Sw) DC. (Sconyers et al., 2006); dry bean, Phaseolus vulgaris L.; lima 
bean, P. lunatus L; and scarlet runner bean, P. coccineus L. (Lynch et al., 2006). P. pachyrhizi 
germinates and develops appressoria on nonhost plants such as Arabidopsis and potato, with no  
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sporulation, though the fungus sometimes can successfully penetrate the nonhost plant (Loehrer 
et al., 2008; Hukelhoven et al., 2009). 
      Symptoms and morphology. SBR lesions are often associated with leaf chlorosis, and 
high lesion densities result in premature defoliation and/or early maturity of most susceptible 
soybean hosts (Sinclair and Hartman, 1999). Soybean leaves typically develop gray-green, tan to 
dark brown, or reddish-brown lesions within two weeks of infection with P. pachyrhizi. Lesions 
appear primarily on the abaxial surface (underside) of leaves, but may appear on either leaf 
surface, or on petioles, pods, or smaller stem parts. Lesions tend to be angular, are restricted by 
leaf veins, and reach 2-5 mm in diameter (Sinclair and Hartman, 1999). After the lesions increase 
in size, raised pustules (uredinia) break open to release masses of urediniospores through the 
ostiole (the pore at the apex of a uredinium) (Sinclair and Hartman, 1999). Leaflets with more 
than 20% disease severity are likely to turn yellow, resulting in premature abscission (Yang et al., 
1990).                                                                           
P. pachyrhzi spreads in the field by airborne urediniospores from disease foci 
(Bromfield, 1984). In a field experiment, the disease was found to spread with about 1 m per day 
from the disease focus (Bromfield, 1984). A single diseased leaf may be enough to initiate a 
disease epidemic in a field (Bromfield, 1984). Temperature, moisture, winds and light were all 
considered to be important environmental factors influencing disease epidemics (Bromfield, 
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1984; Kim et al., 2005; Mederick and Sachston, 1972; Yang et al., 1991; Yang et al., 1990). The 
temperature range from 15 to 26°C is optimal for soybean rust disease epidemics (Bromfield, 
1984; Mederick and Sachston, 1972). Moisture from rainfall, dew and fog favors soybean rust 
development (Melching et al., 1989). Because P. pachyrhizi urediniospores tend to clump 
together, strong winds could pick up urediniospores easier and increase spore dispersal distance 
(Bromfield, 1984). Direct solar light has been reported to inhibit P. pachyrhizi urediniospore 
germination and to increase mortality greatly (Isard et al., 2006). Urediniospore survival and the 
spread of disease are therefore likely to be higher when there is cloud cover.      
P. pachyrhizi urediniospores are obovoid to broadly ellipsoidal, hyaline to pale 
yellowish brown, and have a minutely echinulate thin wall that is 1.0 to 1.5 µm thick (Schneider 
et al., 2005). Urediniospores are 15 to 21 × 15 to 28 µm in diameter, and tend to clump together 
under natural conditions (Li, 2007). Reported urediniospore dimensions are influenced by the 
methods used to mount the spores for measurement, the hosts on which they have grown, and the 
environmental conditions under which they develop on a given host (Bromfield, 1984). At 
maturity, telia sometimes form subepidermally within uredinia. They are about 50-150 µm in 
diameter and are dark brown to black at maturity (Sinclair and Hartman, 1999). 
The color of a lesion depends on the age of the lesion and the interaction between the 
soybean genotype and the pathogen race (Sinclair and Hartman, 1999). Bromfield et al. (1980) 
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initially described three different “infection types” on the basis of seedling reactions to specific 
races of P. pachyrhizi exactly two weeks after a controlled inoculation. “TAN” lesions with two 
or more sporulating uredinia were considered indicative of a susceptible reaction (Bromfield et 
al., 1980). Resistance to soybean rust is characterized either by the development of reddish-
brown (“RB”) lesions or by a symptomless immune response (also referred to as a “Type 0” 
infection type), though considerable variation in lesion diameter, color and sporulation has been 
observed among resistant soybean germplasm accessions that develop RB lesions (Costamilan et 
al., 2008; Soares, 2008; Yorinori, 2008). In addition, tan or beige-colored lesions developing on 
certain soybean germplasm accessions have exhibited little or no sporulation when there 
accessions were challenged by certain P. pachyrhizi isolates or populations (Walker et al., 2011). 
Considerable variation in lesion appearance and relative rate of sporulation had previously been 
observed in Brazil and Paraguay as well (Morel et al. 2008; Yorinori, 2008). Lesion and 
infection types are discussed in greater detail below. 
Soybean rust is sometimes confused with bacterial pustule caused by Xanthomonas 
axonopodis pv. glycines, or with other diseases in field identification, especially during the early 
stages of lesion development. Therefore, Frederick et al. (2002) developed both classical and 
real-time PCR assays for the rapid identification of soybean rust. These assays allow P.  
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pachyrhizi infections to be identified or confirmed in the absence of sporulating lesions, which 
are the most distinct visible SBR symptoms. 
Disease management. Soybean rust can be effectively managed through the timely 
application of appropriate fungicides, the use of disease-resistant cultivars, and the appropriate 
practices of good husbandry (Bromfield, 1984). Control of soybean rust currently relies primarily 
on fungicide applications, but the efficiency of chemical control depends largely on correct 
timing of spraying.  
Mueller et al. (2009) found that a single fungicide application at the R3 growth stage 
(early pod development; Fehr et al., 1971) was an effective treatment to control soybean rust at 
most locations. At locations with favorable environmental conditions for an epidemic, vigorous 
monitoring is necessary for early detection of soybean rust at, or just before its onset, so that 
fungicide can be applied at the optimum time (Yang et al., 2011). However, fungicide 
applications increase production costs (Mueller et al., 2009). From 2001 to 2003, over US$1 
billion dollars were spent on chemical control of soybean rust in Brazil (Yang et al., 2011). 
Nevertheless, a decrease in the cost of fungicides and an ability to manage the disease with fewer 
applications than were necessary prior to imposition of a host-free period during the dry season 
in Brazil have kept fungicide-based control of rust the primary management tool used in Brazil 
and neighboring countries (M. Oliveira, personal communication via D. Walker). 
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       Some methods of cultural control of soybean rust have also been effective. In Brazil, 
soybean is planted before the onset of the epidemic and harvested early to reduce the period of 
exposure to environmental conditions favorable to soybean rust (Yang et al., 2011). In recent 
years there has been a trend towards planting cultivars from earlier maturity groups than those 
there were previously grown in the various soybean production regions in Brazil. 
Implementation of a “vazio santitário”, or host-free period, has been a highly successful regional 
rust management strategy in Brazil since 2006, and it was adopted in Paraguay in 2011 
(www.consorcioantiferrugem.net). For the vazio sanitário, cultivation of soybean is prohibited 
during a period of 60 to 90 days prior to the main growing season, with the objective of severely 
reducing the quantity of inoculum in the environment. The length of the mandated soybean-free 
period is based on the observation that P. pachyrhizi urediniospores are unlikely to remain viable 
longer than 55 days. The quantity of inoculum at the onset of the main growing season in Brazil 
has also been reduced through the destruction of volunteer soybean plants growing along 
highways used to transport harvested seeds to loading facilities. The vazio sanitário management 
strategy is unnecessary in North America, however, since the soybean production areas are all 
exposed to sub-freezing temperatures during the winter. In some studies, balanced and adequate 
crop nutrition can reduce soybean rust disease severity (Fixen et al., 2007), which might be due 
to the fact that adequate crop nutrition can increase soybean’s ability to tolerate pathogen 
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development. Because the hot, dry summers typical of the southern U.S. are relatively 
unfavorable for P. pachyrhizi, the widespread adoption of the Early Soybean Production System 
in the Mid-South may result in fewer problems from soybean rust than would be encountered if 
later-maturing cultivars were still being grown in that region. The earlier-maturing cultivars are 
often senescing and maturing by the time that increased rainfall and cooler temperatures favor a 
rust epidemic in the area. 
 
Resistance to P. pachyrhizi 
 
Soybean cultivars with rust resistance may be a cost-effective way to control soybean 
rust, but breeding for resistance has not been easy and durable, due to pathogenic variability in P. 
pachyrhizi populations (Miles et al., 2011; Frederick et al., 2001; Yorinori, 2008). When SBR 
was first reported in South America, some Brazilian cultivars such as ‘FT-2’ initially showed 
resistance, but this resistance was overcome by certain P. pachyrhizi populations within only two 
growing seasons (Arias et al., 2008). In Brazil, resistant “INOX” (“rust-free”) cultivars have 
been marketed by the TMG (Tropical Melhoramento & Genética) company, in collaboration 
with the Fundação MT, an organization of soybean producers in the state of Mato Grosso, which 
is a major production center in west-central Brazil. Varieties like TMG 803 are conventional 
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cultivars whereas others are transgenic cultivars with glyphosate tolerance, such as ‘TMG 7188 
RR’, ‘TMA 7161 RR’ and ‘TMG 7262 RR’. (http://www.tmg.agr.br/cultivares/soja, 2011). 
Infection types. Soybean reactions to SBR were briefly described above, but warrant 
a more detailed description here, since they are a major consideration in the current research 
proposal. McLean and Byth (1976) and Bromfield et al. (1980) independently described three 
major infection types on soybean plants challenged with specific P. pachyrhizi isolates. Two 
types of resistance reactions were described by Bromfield et al. (1980): Type 0 (lacking 
macroscopically visible symptoms), also called an “immune” reaction (Miles et al., 2006); and 
Type RB, a low-infection type characterized by the development of reddish brown lesions with 
two or fewer uredinia per lesion. A “TAN” infection type with two or more uredinia per lesion 
and profuse sporulation was described on susceptible plants. It should be noted that these three 
infection types referred to reactions that were observed on soybean seedlings grown in the 
greenhouse and rated 14 days after inoculation. Bromfield (1984) later proposed three sub-
categories of RB lesions (infection types 1 through 3) and two sub-categories of TAN lesions 
(infection types 4 and 5) defined by the number of uredinia per lesion and intensity of 
sporulation from those uredinia. Bonde et al. (2008), Soares (2008) and Yorinori (2008) also 
reported that RB lesions can have a spectrum of reaction types. For example, RB lesions are 
sometimes dark chocolate brown instead of being reddish-brown in color, and lesions that are 
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reddish-brown in color can also exhibit different levels of sporulation, ranging from sparse to 
prolific (Yorinori, 2008). TAN lesions also vary in different instances (Bonde et al., 2008). 
Soares (2008) classified those intermediate reaction types as RT (more RB lesions, fewer TAN 
ones) or TR (more TAN lesions, fewer RB ones). Yorinori (2008) classified the lesion types as 
RB (varying shades of reddish-brown), TAN (brown to grayish discoloration), TAN lesions 
surrounded by a green halo, and RB lesions surrounded by a yellow halo, similar to bacterial 
pustule lesions.  
Walker et al. (2008) did field and greenhouse evaluations of some soybean rust-
resistant germplasm accessions and susceptible cultivars, and found distinct differences in the 
appearance of the lesions that some of the resistant accessions developed (Fig 2). PI 606440A, PI 
506947, PI 605891A, PI 567046A, PI 615437, PI 567104B and PI 605891A  seedlings were 
were all found to be resistant to a bulk isolate of P. pachyrhizi collected in Gadsden County, FL 
in late 2007. PI 506947 developed large up to 4 mm in diameter, purplish RB lesions with 
uredinia, but low sporulation, while PI 567104B developed a high density of minute lesions ~ 0.5 
mm in diameter on the adaxial surface of the leaf, with a lower density of lesions on the lower 
side. PI 203398 had predominantly non-sporulating RB lesions at 5 weeks after inoculation, but 
had developed a higher density of sporulating lesions by 7 weeks after inoculation. PI 606440A 
developed regular RB lesions, of which many had uredinia. PI 605891A developed brown or RB 
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lesions >2mm in diameter only on older leaves that had been inoculated (Fig 1.2). Observations 
of these distinct differences were what prompted the research described in this thesis. 
Lesion color frequently changes with time, and plants in the field typically have lesions 
with different ages and/or lesions that may have resulted from infections by different pathotypes 
in a field population, so some lesions on adult plants in the field may not be distinctly RB or 
TAN. Despite the fact that several different research groups have recognized more than three 
infection types, authors of the majority of recent publications have continued to use only the 
three main types described by Bromfield et al. (1980), most likely because microscopic 
inspection of individual lesions is not required and because the objective of many studies has 
been to identify resistant germplasm. 
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Fig. 1.2 Soybean rust lesions on several cultivars and plant introductions 7 weeks after 
inoculation. All photos at 10x magnification. Upper (U) and lower (L) leaf surfaces are indicated. 
Note the high density of minute lesions on the upper surface of PI 567104B and PI 605891A 
(Walker et al., 2008). 
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Fig. 1.2 (cont.) 
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Rate-limiting resistance. Miles et al. (2011) described the slow rusting observed on 
some accessions with TAN lesions as partial resistance, also referred to as rate-reducing 
resistance (Miles et al., 2006), and suggested that the RB response represents incomplete 
resistance to P. pachyrhizi (Miles et al., 2011). Soybean genotypes with quantitatively inherited 
partial resistance to P. pachyrhizi could generally be expected to have more durable resistance 
than genotypes with monogenically inherited resistance. Plants with the latter type of resistance 
exhibit a gene-for-gene interaction between single genes in the pathogen and the host. Single-
gene resistance is likely to break down more easily than minor-gene resistance involving 
multiple genes (McDonald and Linde, 2002; Paul et al., 2011). For example, the resistance 
conditioned by the rust resistance genes in PI 200492 (Rpp1) and PI 230970 (Rpp2) became 
ineffective in Asia soon after identification and incorporation of those genes into breeding lines 
(Hartman et al., 2005; Miles et al., 2011). Similarly, the effectiveness of PI 200492 (Rpp1) and 
PI 462312 (Rpp3) rapidly declined two years after soybean rust was found in Brazil (Yorinori et 
al., 2005; Miles et al., 2011), though the resistance genes in both PI 230970 (Rpp2) and PI 
459025 (Rpp4) have remained effective (Garcia et al., 2008; Silva et al., 2008; Miles et al., 2011).  
It should be noted that P. pachyrhizi populations in both South America and North America have 
shown the ability to overcome resistance genes in the absence of selection pressure (Yorinori, 
2008; D. Walker, personal communication). 
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Rpp genes. Currently, eight dominant genes controlling pathotype-specific resistance 
to soybean rust (Rpp genes) have been identified at six loci (Miles et al., 2011), including Rpp1 
from PI 200492, Rpp2 from PI 230970, Rpp3 from PI 462312, Rpp4 from PI 459025B, Rpp5 
from PI 200456, Rpp6 from PI 567102B, Rpp1-b (another allele at the Rpp1 locus) from PI 
594538A, and  Rpp?(Hyuuga) (an allele at the Rpp3 locus) from the Japanese cultivar Hyuuga, 
designated PI 506764 (Bromfield and Hartwig, 1980; Hartwig and Bromfield, 1983; Hartwig, 
1986; Garcia et al., 2008; Silva et al., 2008; Chakraborty et al., 2009; Hyten et al., 2009; Miles et 
al., 2011; Li et al. 2012). Recently, Kendrick et al. (2011) reported that Hyuuga also carries 
another resistance gene at the Rpp5 locus on chromosome 3, based on the additional screening of 
Hyuuga-derived recombinant inbred lines. Three recessive genes conferring resistance to P. 
pachyrhizi have also been reported (Calvo et al., 2008). Rpp1, Rpp4 and the recently found Rpp6 
gene have been mapped to three different loci on chromosome 18 (Hyten et al., 2007; Li et al. 
2012; Silva et al., 2008); Rpp2 was mapped to chromosome 16 (Silva et al., 2008); Rpp3 was 
mapped to chromosome 6 (Hyten et al., 2009); and Rpp5 was mapped to chromosome 3 (Garcia 
et al., 2008). These genes provide effective resistance to some P. pachyrhizi isolates, but were 
ineffective when challenged with other isolates (Miles et al., 2011). Although all of the soybean 
rust-resistant germplasm carrying Rpp genes exhibit a hypersensitive response when the Rpp 
gene interacts with a corresponding gene in the pathogen, the intensity of the reactions vary 
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considerably among different genotypes (Bonde et al., 2006; Lemos et al., 2011). The immune 
reaction has only been reported when PI 200492, which has the Rpp1 gene, was inoculated with 
certain isolates, like India 73-1 (Pham et al., 2009; Miles et al., 2011). Specific combinations of 
single genes may be useful in a resistance program, and partial resistance may also contribute to 
the control of soybean rust by slowing down the development of an epidemic, thereby decreasing 
the buildup of rust spores (Hartman et al., 2005), as well as by delaying deleterious effects on 
seed yields of infected plants.  
To combat pathogens, higher plants sometimes exhibit a hypersensitive response and 
an oxidative burst by producing a multilevel net of structural and chemical barriers (Lygin et al., 
2009). Plants frequently synthesize phytoalexins and pathogen-related proteins (Salmeron and 
Vernooij, 1998; Lygin et al., 2009). To cause disease, the pathogen must successfully overcome 
these barriers or abolish the defense response (Lygin et al., 2009). Lygin et al. (2009) analyzed 
the differences in phenolic metabolism between inoculated and noninoculated plants using 
susceptible and resistant soybean genotypes with different resistance genes. They found that 
soybean plants responded to rust infection by inducing the synthesis of the phytoalexin 
glyceollin and the strengthening of the cell wall via enhanced deposition of aromatic polymer 
lignin. Even though pathogens can rapidly adapt to resistance genes, adaptation to the basal 
resistance described above in plants is much harder for pathogens to achieve. Lygin et al. (2009) 
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concluded that plants with strong innate resistance should have less disease over a longer period 
of time than plants with specific resistance only.  
Keogh et al. (1980) compared the histological and physiological responses to P. 
pachyrhizi in resistant and susceptible soybean. The resistant genotype they used was the 
Japanese cultivar Komata (PI 200492), the source of the Rpp1 gene. The growth and 
development of P. pachyrhizi in PI 200492 was compared with what occurred in leaves of the 
susceptible cultivar Dare It was found that cuticular and epidermal penetration by the rust fungus 
and death of the penetrated cell were similar in both the resistant and susceptible cultivars, that 
the subsequent hyphal branching and growth was decreased, and that retention of trypan blue 
stain was greater in the resistant cultivar. Moreover, phytoalexin formation began earlier in the 
resistant cultivar, and there was a substance produced by germinating urediniospores which 
caused more rapid browning and phytoalexin formation in pods of the resistant cultivar (Keogh 
et al., 1980). At 2 days after inoculation, mycelial development was associated with localized 
host cell death, causing the collapse of adjacent fungal hyphae in PI 200492. While uredinia on 
Dare leaves erupted 12-14 day after inoculation, uredinial initials never appeared to develop on 
PI 200492 (Keogh et al., 1980).  
Van de Mortel et al. (2007) used quantitative reverse-transcriptase polymerase chain 
reaction (qRT-PCR) assays to compare in post-infection changes in gene expression in PI 
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230970 (Rpp2) and the susceptible cultivar Embrapa-48. They found that similar quantities of 
SBR α-tubulin mRNA transcripts were present in the susceptible and the Rpp2 genotype up 
through 96 hours after inoculation, but that transcripts increased much more rapidly in the 
susceptible host tissue between 120 hours and 264 hours after inoculation. A distinct biphasic 
pattern of changes in the abundance of soybean mRNAs was observed in the two plant genotypes 
following inoculation with P. pachyrhizi. During the first 12 hours after inoculation, when 
urediniospores would have germinated and penetrated the epidermal cells of the host leaf, both 
genotypes exhibited differential gene expression, followed by a return to base levels by 24 hours 
after inoculation. The main difference in mRNA accumulation was that the second wave of 
differential gene expression had begun in PI 230970 by 72 hours after inoculation, whereas it 
was not observed in the susceptible host until 96 hours after inoculation, a period when fungal 
growth in the susceptible plant tissue would have been rapid.  The authors hypothesized that the 
timely activation of subsequent defense responses in the resistant genotype prevented the fungus 
from the rapid growth that was observed in the susceptible genotype at later time points, and they 
concluded that timely expression of resistance genes could prevent SBR development, indicating 
that growth stage-dependent gene expression is an important factor for a resistant genotype (van 
de Mortel et al., 2007).  
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Panthee et al. (2009) used microarray analysis to investigate whether gene expression 
patterns differed in a susceptible soybean cultivar (‘5601T’) at the V4 (vegetative) and R1 (early 
flowering) developmental stages (Fehr et al., 1971). At 72 hours after inoculation, they found 
distinct differences in the numbers of differentially expressed genes at the two growth stages, 
with 5,056 differentially expressed genes at V4, but only 579 at R1. There were 333 genes in 
common between the two developmental stages. The nearly ten-fold higher differential gene 
expression at V4 compared to R1 shows that gene expression following SBR infection depends 
on the stage of development of the host plant.  
Paul et al. (2011) used Q-PCR technology to distinguish different types of soybean 
resistance to P. pachyrhizi. The soybean genotypes they tested were Williams 82 (susceptible 
check), TG × 1835-10E (susceptible), PI 084674 (partial resistance), PI 437241 (partial 
resistance), PI 567041A (partial resistance), PI 561377 (resistant), PI 506764 (Rpp3 (Hyuuga)), 
PI 462312 (Rpp3), PI 224268 (resistant), and UG5 (resistant e). For visual disease assessment, 
data on number of lesions, lesion area, and number of sporulating uredinia were recorded. They 
collected leaf disks at different time points (0, 2, 4, 8, 12, and 16 day) after inoculation with 
P.pachyrhizi. Total DNA was extracted and Q-PCR was performed to quantify fungal DNA. 
They found that quantity of fungal DNA is Williams 82 was greater than PI 506764 4 days after 
inoculation, while the quantity of fungal DNA in UG5 declined steadily until at least 8 days after 
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inoculation. They also found that the regression of fungal DNA on days after inoculation was 
significant for all genotypes except for UG5. This will facilitate the development of soybean rust 
resistant cultivars by increasing precision in selection of resistant plants in segregating 
populations derived from crosses between parents with different levels of incomplete or partial 
resistance when accurate evaluation of resistance phenotypes is required to identify and map 
quantitative trait loci.  
Pathotype variability in P. pachyrhzi. Terms like races, virulence types, pathotypes, 
and aggressiveness have all been used to describe pathogen variability. A physiological race is 
defined as a population where all individuals have the same combination of virulence genes 
(Parlevliet, 1985). This has traditionally been determined on the basis of reactions induced on a 
set of differentials with resistance genes. Virulence is defined as “the genetic ability of a 
pathogen race to overcome genetically determined host resistance, which is effective against 
other races of that pathogen, and cause a compatible (disease) interaction” (Shaner et al., 1992). 
Pathotypes are usually used to classify pathogen genotypes where pathogens express the same 
pattern of host-specific virulence towards individual clones or species within a specified set 
(Ramstedt et al. 2002). Aggressiveness is a quantitative measurement assessing the degree of 
host damage and/ or pathogen multiplication (Shaner et al., 1992).   
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Pathogenic variation in P. pachyrhizi was first reported in 1966 by Lin, who identified 
six pathotypes of P. pachyrhizi on the basis of the reactions of different soybean cultivars and 
other legume hosts. In 1977, two physiological races were identified among Australian isolates 
collected by McLean and Byth (1980). In 1980s, four physiological races from four isolates were 
obtained from Australia, India, Puerto Rico and Taiwan; three races were obtained from fifty 
Taiwanese isolates; six races were identified in eight Australian isolates; and four races were 
identified from seven Chinese isolates (Bromfield, et al. 1980; Burdon and Lenne, 1989; Burdon 
and Speer, 1984; Tan and Sun, 1989; Yeh, 1983). Since 2000, 18 races were identified from 45 
isolates collected from Japan (Yamaoka et al., 2002), six pathotypes were established from 
twelve isolates collected from Africa, Asia, South America, Hawaii and Puerto Rico (Bond et al., 
2006), eight pathotypes identified from ten isolates from Asia, Africa and America (Pham et al., 
2009), and seven pathotypes found from 116 Nigerian isolates (Twizeyimana et al., 2009).   
Twizeyimana and Hartman (2011) found that 15 isolates collected from Florida in 
2007 and 2009 had the pathotype 041, which means that the isolates induced TAN Lesions on PI 
459025B (Rpp4) and PI 200526 (Rpp5), but induced RB lesions on PI 200492 (Rpp1), PI 230970 
(Rpp2), PI 462312 (Rpp3) and PI 506764 (Rpp3-Hyuuga). Within the four isolates collected 
from Louisana in 2009, one of them had the pathotype 041, and three of them had the pathotype 
241. Pathotype 241 means that the isolate induced TAN lesions for PI 230970 (Rpp2), PI 
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4590250B (Rpp4), and PI 200526 (Rpp5), but induced RB lesions on PI 200492 (Rpp1), PI 
462312 (Rpp3), and PI 506764 (Rpp3-Hyuuga). 
 
Methods used to study fungal pathogen growth or development in host tissue 
 
Histological analysis. Histological methods can be used to observe fungal growth at 
different time points post-inoculation by staining and clearing inoculated leaves (Hukelhoven et 
al., 2009). The use of staining techniques can facilitate microscopic observations and 
experimental research on plant pathology by differentiating plant and fungal tissues (Bhadauria 
et al., 2010). All these techniques involve the fixing and decolorization of the plant material, 
followed by differential staining of the fungus on the leaf surface and/or inside the leaf 
(McBryde, 1936; Janes, 1962; Shipton and Brown, 1962; Mclean and Byth, 1981; Bruzzese and 
Hasan, 1983). Staining protocols have several advantages over other techniques that have been 
used to study fungal infection processes (Bhadauria et al., 2010). The chemicals required are 
inexpensive and readily obtained from commercial sources (Hood and Shew, 1996). Furthermore, 
preparation of stained samples is relatively fast, and the process does not require special skill 
(Bhadauria et al., 2010). There are also limitations for staining protocols. First, it cannot be used 
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to quantify the lesions. Second, it is usually very time-consuming, because usually fungal tissues 
need several hours or even several days to be stained.   
Bruzzese and Hassan (1983) refined the previous clearing and staining methods, and 
came up with a new method which could give more accurate results, and could also save time by 
staining the specimen without boiling and simmering. The clearing-staining solution they used 
consisted of 300 ml 95% ethanol, 150 ml chloroform, 125 ml 90% lactic acid, 150 ml phenol, 
450 g chlora hydrate and 0.6 g aniline blueThe method is adaptable to a large range of both 
plants and rust fungi. In an article by Hoefle et al. (2009), primary leaf segments are stained with 
a combination of Uvitex (0.1% Uvitex2B in 0.1 M Tris-HCl pH 8.5, Uvitex Polysciences Inc., 
Warrington, PA) and aniline blue (0.05 M aniline blue in 0.067 M potassium phosphate buffer, 
pH 9.2), followed by decolorization in a chloroform/methanol solution, and boiling in a 
lactophenol/ethanol solution. Uvitex solution is then used to stain fungal structures. Fungal 
infection sites are inspected by bright field microscopy at different time points after inoculation 
to assess fungal growth and development (Hukelhoven et al., 2009).  The leaf pieces are then 
boiled in ethanolic lactophenol-trypan blue for 2 min prior to being washed and decolorized in 
chloral hydrate for at least 24 h. Cleared and stained material is then stored and mounted in 50% 
glycerine (Jones and Deverall, 1977; Keogh et al., 1980; Hoefle et al., 2009).  Hoefle et al. 
(2009) used Coomassie staining to test the penetration of the soybean rust fungus into epidermal 
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cells of barley. They decolorized leaves in an ethanol/acetic acid solution (6:1 [vol/vol]) 
overnight and submerged them for 5 min in a Coomassie staining solution  containing 0.3% 
Coomassie Brilliant Blue R250 [wt/vol] (Bio-Rad, Hercules CA), 7.5% trichloroacetic acid 
[wt/vol], and 30% methanol [vol/vol]). 
Assessment of disease severity using visual estimates and image analysis. Visual 
estimation is the most commonly used method to assess disease severity. It is a comparatively 
easy, economical and efficient technique for routine disease assessment evaluations (Diaz-Lago 
et al., 2003). Some experience or training is required, however, to allow a rater to recognize the 
symptoms of a specific disease and to be able to distinguish those from injury induced by other 
diseases or pests that may be present. 
One method to increase precision in disease assessment is image analysis (Todd and 
Kommedahl, 1994). Digital image analysis is a method capable of acquiring, processing, and 
analyzing information from digital images. Digital image analysis is regarded as a valid approach 
for applications that require objective, accurate, and precise estimates of quantitative variables. 
Modern image acquiring equipment and image analysis software makes it possible that hundreds 
of digital images can be collected per hour that can later be analyzed with software (Diaz-Lago et 
al., 2003). Digital image analysis uses color segmentation to separate objects into classes. For 
example, the Image Pro Plus software has two color separation methods: one based on the color 
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histogram and another that uses a color-cube. The digital image analysis is an appropriate 
procedure for detailed epidemiological research experiments, as well as a valid phenotyping tool 
for quantitative resistance loci detection studies. (Diaz-Lago et al., 2003). Digital analysis should 
provide a high level of precision for analyzing leaves from a controlled experiment, but it would 
not be useful or cost-effective for many applications, such as rating thousands of leaves in the 
field.     
Immunofluoresence assay. An indirect immunofluoresence assay method was 
developed to detect urediniospores of Phakopsora pachyrhizi by Baysal-Gurel and et al. (2008). 
Rabbit polyclonal antisera were produced in response to intact non-germinated (SBR1A) or 
germinated (SBR2) urediniospores of P. pachyrhizi. Both antisera were specific to Phakopsora 
spp., and did not react with other common soybean pathogens or with healthy soybean leaf tissue 
in an enzyme-linked immunosorbent assay (ELISA). Although both antisera bind to 
urediniospores of P. meibomiae, SBR2 binds to urediniospores of P. meiboniae more weakly 
than SBR1A (Lewis Ivey et al., 2009). Baysal-Gurel et al. (2008) also planned to develop 
monoclonal antibodies specific to P. pachyrhizi.  
Global gene expression analysis. Observation of changes in global gene expression 
is an important tool to understand how plants respond to biotic and abiotic stresses, and to 
identify genes associated with specific traits. Microarray analyses have been performed to 
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identify candidate resistance genes (van de Mortel et al., 2007; Panthee et al., 2009). Van de 
Mortel et al. (2007) used microarray analysis to study the molecular basis of interaction of P. 
pachyrhizi and soybean as discussed previously. Panthee et al. (2008) performed global 
transcriptome profiling of P. pachyrhizi-exposed soybean with a resistance or susceptible 
reaction to the Asian soybean rust from two distinct developmental growth stages using whole-
genome Affymetric microarrays of soybean to evaluate the differences in gene expression at 
different growth stages. 
Quantitative real-time fluorescent polymerase chain reaction. Quantitative real-time 
PCR, a more recent development of the polymerase chain reaction (PCR), has many applications, 
including precise measurement of changes in gene expression (DeTrana et al., 2007). In the early 
1990s, it was reported that the 5' nuclease activity of Taq DNA polymerase could be used as a 
way to estimate the level of DNA amplification indirectly using specific fluorescent probes, 
which can eliminate the need for electrophoresis. In 1993, Higuchi et al. demonstrated that by 
using fluorescent DNA binding dyes, real time monitoring of DNA amplification within a PCR 
reaction tube could be achieved (DeTrana et al., 2007). In quantitative real-time PCR, 
fluorescent signals are collected from labeled PCR products during each cycle of the PCR by 
optical detection systems, and relative fluorescence units (RFU) are recorded by a computer 
(Hanna et al., 2005; Ginzinger, 2002; Mackay, 2004). The number of cycles needed to produce a 
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signal that exceeds a defined threshold is known as the threshold cycle, or Ct, and is used as an 
indicator of successful target amplification (Mackay, 2004). Quantitative real-time fluorescent 
PCR has many advantages compared to classical PCR. First, it combines the sensitivity of PCR 
with the specificity of nucleic acid hybridization. Second, agarose gels and the subsequent 
Southern blot hybridization steps are not necessary to confirm the identity of PCR products. 
Third, up to four different fluorescent dyes can be included in a single reaction to allow 
multiplexed reactions using different probes for either the same or different pathogens. Fourth, 
many samples can be assayed at the same time (Frederick et al., 2002).  
Frederick et al. (2002) designed four sets of PCR primers specifically for P. 
pachyrhizi and two sets for P. meibomiae using differences within the internal transcribed spacer 
region, and they developed a new method for real-time PCR to identify and discriminate the 
soybean rust pathogens P. pachyrhizi and P. meibomiae (Frederick et al., 2002). In 2006, real-
time PCR assays were developed by Barnes and Szabo for rapid detection for the four rust 
pathogen species, Puccinia graminis (Pers.:Pers.), P. striiformis (Westend.), P. triticina (Eriks.), 
and P. recondite (Roberge ex Dexmaz.). Duplex assays were also constructed for the nuclear 
(rDNA) gene (Barnes and Szabo, 2006).  
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CHAPTER 2 
GREENHOUSE ASSAYS TO CONFIRM LESION TYPE DIFFERENCES IN THE 
RESPONSE OF RESISTANT SOYBEAN ACCESSIONS TO INFECTION BY 
 SOYBEAN RUST 
 
The idea to conduct the research described in this thesis originated with a 2008 
greenhouse experiment conducted in Quincy, Florida, in which several soybean germplasm 
accessions with resistance to soybean rust developed lesions with distinctly different appearances 
following inoculation with a 2007 isolate from the North Florida Research and Education Center 
in Quincy (Walker et al., 2008). While PI 506947 and PI 606440A developed large, angular 
lesions > 1.0 mm, and sometimes >2.0 mm in diameter, PI 567104B and PI 605891A developed 
much smaller lesions (i.e., <0.5 mm in diameter). In addition, while some plant introductions 
(PIs) in that study never developed many sporulating lesions, sporulation from lesions on PI 
203398 was substantially more pronounced seven weeks after inoculation than it was at five 
weeks. Altogether, these observations suggested the possibility that more than a single resistance 
mechanism may exist in these PIs. The experiments described in Chapters 2 through 5 of this 
thesis were designed to better characterize the reactions of the PIs evaluated in that initial  
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experiment. Chapter 2 deals primarily with greenhouse and detached leaf experiments, but 
begins with overall hypotheses and objectives (below) that apply to the entire project. 
Hypotheses. (1) When challenged with certain isolates of P. pachyrhizi, some SBR-
resistant germplasm accessions will develop distinctly different reaction phenotypes resembling 
those observed in the original Walker et al. (2008) greenhouse study (Fig 2.1), in which the 
accessions were challenged with a 2007 bulk isolate from the field. (2) Quantitative PCR assays 
to quantify P. pachyrhizi DNA within infected soybean plant tissue will show that infected leaf 
tissue from susceptible cultivars will have higher amounts of P. pachyrhizi DNA than resistant 
cultivars, and that resistant accessions which develop different types of reddish brown (RB) 
lesions will exhibit variation in the amounts of P. pachyrhizi DNA in their tissue at certain time 
points after infection. (3) P. pachyrhizi growth rates following inoculation will be more similar 
between accessions that develop similar lesion types than between accessions that develop 
distinctly different lesion types. 
            Overall research objective. To determine whether the rate of Phakopsora pachyrhizi 
growth differs among rust-resistant soybean accessions that develop distinctly different lesion 
types following infection.  
 Greenhouse studies were conducted in 2010 and 2012 to determine whether rust-resistant 
germplasm accessions challenged with P. pachyrhizi isolates from a laboratory collection would 
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develop lesions resembling those that they developed when challenged with a 2007 bulk field 
isolate from Gadsden County in north-central Florida in an assay conducted by Walker et al. 
(2008). L85-2378 (MG III) (a BC5-derived rust-resistant isoline of Williams 82 with the Rpp1 
gene from PI 200492; Bernard et al., 1991; Hyten et al., 2007) , PI 606440A (MG IV), PI 506947 
(MG VIII), PI 567104B (MG IX), PI 567102B (MG IX); PI 605891A (MG V) and PI 203398 
(‘Abura’, MG VIII) developed distinctly different types of lesions after being challenged with 
the 2007 isolate (D. Walker, personal communication; Walker et al., 2008). The objective of 
visual assessments of rust reactions in the greenhouse studies was to confirm that the susceptible 
cultivars Williams 82, LD00-3309, and Maxcy all developed TAN (i.e., susceptible host) lesions 
following inoculation with the isolates used in these studies, and that the resistant accessions 
L85-2378, PI 606440A, PI 506947, PI 567104B, PI 567102B, PI 605891A and PI 203398 would 
develop different types of resistant reactions with regard to lesion densities and mean lesion 
diameters when inoculated with southeastern U.S. isolates from laboratory collections in Urbana, 
IL.  
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                                                                Materials and Methods 
 
 Plant materials. Ten soybean genotypes representing different levels of resistance to a 
2009 P. pachyrhizi isolate (FL-Q09) collected from soybean in Quincy, Florida, were chosen for 
the experiment. ‘Williams 82’ (MG III; Bernard and Cremeens, 1988), ‘LD00-3309’ (MG IV; 
Diers et al., 2006), and ‘Maxcy’ (MG VIII; Shipe et al. 1995) are cultivars that were used as 
susceptible controls. The other seven genotypes, L85-2378 , PI 606440A, PI 506947, PI 
567104B, PI 567102B , PI 605891A and PI 203398  were selected because they had developed 
distinctly different types of lesions in an earlier assay, as mentinoned previously  (D. Walker, 
personal communication; Walker et al., 2008). PI 606440A originated from the northern part of 
Vietnam, PI 506947 originated from Kyūshū province of Japan, and PI 567102B and PI 
567104B are from East Java in Indonesia (Germplasm Resources Information Network, 
www.ars-grin.gov/npgs/searchgrin.html). PI 567102B was recently found to carry the Rpp 6 
gene (Li et al., 2012). PI 605891A originated from Vietnam, and PI 203398 is an old cultivar 
originating from Brazil.  
 Seeds of different soybean genotypes were planted directly into Sunshine LC1 mix (Sun-
Grow Horticulture Products, Bellevue, WA), and were grown in trays (52 × 26 cm) containing 
32 cells (6.5 × 6.5 cm) for 14 days before being inoculated. The seedlings were grown in plant 
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biosafely level 2-approved greenhouses maintained at 20ºC at the University of Illinois during 
the winter months approved in a permit granted by the Animal and plant Health Inspection 
Service (APHIS). 
 Pathogen isolates. The isolate of P. pachyrhizi used to inoculate plants in the 2010 
greenhouse study was FL07-1, which was provided by Dr. Glen Hartman (USDA-ARS, Urbana, 
IL). It is a single-spore purified isolate derived from a bulk isolate that was originally collected 
from infected soybean leaves at the North Florida Research and Education Center in Quincy, 
Gadsden County, FL in 2007 (Twizeyimana and Hartman. 2010). This isolate originated from 
the same field population of the fungus as the isolate used by Walker et al. (2008), but was 
collected and purified independently. The two isolates of P. pachyrhizi used to inoculate plants 
in the second greenhouse study in 2012 were named FL-Q09-1 and LA-BC09. FL-Q09-1 is a 
single-spore purified isolate derived from a bulk isolate that was originally collected from 
infected soybean leaves in Quincy, Gadsden County, FL in 2009. LA-BC09 is a bulk isolate that 
was originally collected from infected soybean leaves in Bossier City, Louisiana in 2009. The 
detached leaf studies described in Chapter 3 used the isolate FL-Q09-1. This isolate probably has 
the “041” pathotype described by Twizeyimana et al. (2009), which means that the isolate 
induces TAN Lesions on PI 459025B (Rpp4) and PI 200526 (Rpp5), but induces RB lesions on 
PI 200492 (Rpp1), PI 230970 (Rpp2), PI 462312 (Rpp3) and PI 506764 (Rpp3-Hyuuga). The 
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isolate LA-BC09 probably has the 241 pathotype (Twizeyimana et al., 2009), which means that 
the isolate induces TAN lesions on PI 230970 (Rpp2), PI 4590250B (Rpp4), and PI 200526 
(Rpp5), but induces RB lesions on PI 200492 (Rpp1), PI 462312 (Rpp3), and PI 506764 (Rpp3; 
Hyuuga) (Twizeyimana et al., 2009; D. Walker, personal communication).  
 Plant inoculation. Plants were inoculated with the FL07-1 isolate with help from Dr. 
Glen Hartman for the 2010 greenhouse study. Soybean leaves were sprayed to runoff with a 
urediniospore suspension containing 4 × 10
4
 spores/ml containing -.01% Tween 20 (Fisher 
Scientific, Fair Lawn, NJ) using an atomizer attached to an air compressor. In the 2012 
greenhouse study, soybean leaves were sprayed with a urediniospore suspension of of either the 
FL-Q09-1 isolate or the LA-BC09 isolate containing about 2 × 10
4
 spores/ml and 0.01% Tween 
20 . After inoculation, plants were incubated in a mist chamber for 24 hours. After two weeks, 
leaf samples were collected for visual disease assessment and DNA extraction.  
 Lesion type, lesion density, and sporulation. Inoculated leaves were examined on their 
abaxial (i.e., lower) sides to determine lesion (reaction) type. Lesion types were classified as 
“Tan” or “RB”, as described by Miles et al. (2006). Mixed lesions, which are thought to result 
from infection with more than one pathotype, were not expected in this study, since the isolate 
used had been purified from a single spore. Photographs of infected leaves were taken with a  
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digital camera (Olympus DP70, Tokyo, Japan) mounted on a dissecting microscope (Olympus 
SZX12, Tokyo, Japan), which allowed reexamination of symptoms at a later date.  
 For the 2012 greenhouse study, disease development at each of the four inoculation 
points on each leaf was visually assessed with a Zeiss Stemi 2000 stereoscope (Carl Zeiss, 
Oberkochen, Germany) after two weeks’ inoculation. The number of lesions and sporulating 
uredina within a 1.1-cm-diameter circle randomly located on the leaf were counted at 100× 
magnification. Total lesion area within each 1.1-cm-diameter circle was estimated using 
MicroSuite Five (Olympus Crop., Lakewood, CO). When multiple lesions joined together, 
number of lesions were counted based on common knowledge. Lesion diameter was calculated 
based on lesion area. The leaf tissue was not be cleared and stained to make the uredinia easier to 
count because it was subsequently used for Q-PCR assays. 
DNA extraction. After imaging, a 1.1-cm-diameter cork borer was used to excise leaf 
tissue where the number of lesions and the lesion area were determined. The excised leaf disks 
were placed into a 2-ml DNA extraction tubes (Fast DNA Spin KIT-Cat# 6910; MP Biomedicals, 
Solon, OH), which contained Lysing Matrix A and a single ceramic bead. Total DNA (host and 
pathogen) was extracted from each leaf disk sample according to the Fast DNA Spin Kit the 
manufacturer’s instructions.  
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Q-PCR measurement of P. pachyrhizi colonization. Each Q-PCR reaction mixture had 
2.5 µl of sample DNA combined with a 10-µl mix that included Platinum Q-PCR SuperMix-
UDG (2×) (Invitrogen), 50 mM MgCl2, 10 µM P. pachyrhizi primer pair, and 0.1 µM specific P. 
pachyrhzi DNA probe to make a total of 12 µl of reaction mixture (Frederick, 2012; Paul et al., 
2011). Each sample with Q-PCR reaction mixture was placed in a separate well in 96-well 
microtiter plates (Agilent Technologies, Palo Alto, CA). A non-DNA template control with only 
0.01% Tween 20 as inoculation was included in each plate as an external control (Paul et al., 
2011).  
Fungal DNA was quantified using a MX3005P thermal cycler (Stratagene, La Jolla, 
California) with ROX as a reference dye. Reaction conditions included an initial incubation for 2 
min at 60ºC, 40 cycles at 95ºC for 15 s, denaturing at 95ºC for 2 min, and a final extension for 30 
s at 60ºC. Threshold cycle (Ct) values were determined for the samples based on cycle threshold. 
The quantity of P. pachyrhizi DNA was estimated from reference dilutions of DNA samples 
used to generate a standard curve, as described by Paul et al., 2011. The DNA standard curve 
was constructed from DNA extracted from 0.1 mg of urediniospores, and was quantified (ng/µl) 
using a Nanodrop ND-1000 spectrophotometer (Thermal Scientific, Walthan, MA) at 260 nm. 
Gel electrophoresis was used to determine the integrity of the DNA. Fungal DNA was diluted 
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 1/10, 1/10
2
, 1/10
3
, and 1/10
4
 to make standard DNA reference stocks (Paul et al., 2011). This 
method described above was tested using Williams 82 and L85-2378 in a preliminary experiment.  
Statistical analyses. Data from visual disease assessments and Q-PCR were transformed 
using log10 + 1 to correct for non-homogeneity of variances among the samples (Little and Hill, 
1978; Paul et al., 2011). Analysis of variance (ANOVA) was performed using JMP 8 (SAS 
Institute, Cary, NC; Mengistu et al., 1986). Factorial design with 2 isolates × 10 genotypes was 
used. Comparison tests were conducted in SAS about the amount of fungal DNA measured by 
quantitative PCR from different soybean genotypes. When the difference among genotypes, 
isolates, or their interaction was significant, least square means were separated with Fisher’s 
protected least significant difference (LSD) test at P < 0.05. 
 
                                            Results and Discussion 
 
 Examples of typical lesions on the undersides of leaflets inoculated with P. pachyrhizi 
isolate FL07-1 from the ten plant accessions tested in the 2010 greenhouse assay are shown in 
Figure 2.1. On the susceptible cultivars Williams 82, Maxcy and LD00-3309, lesions were TAN 
and had abundant sporulation. The resistant plant accessions PI 606440A, PI 203398, PI 
605891A, PI 506947, PI 567102B, and PI 567104B developed RB lesions with few or no 
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uredinia after being challenged by FL07-1. L85-2378 (Rpp1) had an immune reaction to the P. 
pachyrhizi FL07-1 isolate. Among the six accessions with incomplete resistance to soybean rust, 
PI 606440A had ‘classic’ RB lesions at least 1 mm in diameter, with no sporulation and well-
defined, angular edges that followed veins in the leaf, similar to the results in the 2008 
greenhouse study by Walker et al. PI 605891A, PI 506947, and PI 203398 all developed RB 
lesions that were larger than 2 mm in diameter, similar to the results in the Walker et al. (2008) 
greenhouse study. In contrast to the angular lesions on PI 606440A, however, those on PI 
203398 and PI 506947 were “smudgy”, with edges that blended into healthy green leaf tissue. In 
the 2008 greenhouse study by Walker et al., non-sporulating RB lesions were observed five 
weeks after inoculation, but a higher density of sporulating lesions was observed by seven weeks 
after inoculation. Because we only observed lesion symptoms at two weeks after inoculation, it is 
possible that PI 203398 would have had sporulating RB lesions if we had rated the reactions at a 
later time point after inoculation. PI 567104B and PI 567102B did not develop obvious RB 
lesions, and therfore appeared to have an immune reaction similar to L85-2378. In the 2008 
greenhouse experiment, a high density of minute (< 0.5 mm in diameter) lesions was observed in 
PI 567104B on the upper surface of the leaf, but fewer lesions developed on the lower side. The 
difference in lesion appearances may be due to the isolate used. 
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 Comparison of greenhouse studies in 2008, 2010 and 2012. The specific reaction types 
produced by each of the genotypes when inoculated with P. pachyrhizi isolates from Florida 
were consistent with the reaction phenotypes described by Walker et al. in 2008 (Table 1). When 
inoculated with isolate LA-BC09 from Bossier City, LA, the reaction types were consistent with 
the isolates from Florida, except for those on PI 567102B and PI 567104B. PI 567102B and PI 
567104B developed an HR instead of  RB lesions in the 2012 greenhouse study after being 
inoculated with the LA-BC09 isolate (Table 2.1). 
                  Q-PCR measurement of P. pachyrhizi colonization. A standard curve was 
constructed using a dilution series prepared with the help of Dr. Chandra Paul. A high correlation 
(r = 0,99) was observed between the recorded flourescence signal and the amount of fungal DNA. 
The PCR efficiency calculated from the reference curve by the Strategene software was 92.3%. 
No P. pachyrhizi-specific amplification products were obtained. No Ct values were observed 
during PCR amplification of the external controls of soybean genomic DNA or DNA samples of 
soybean leaves inoculated only water after amplification. Reference DNA ranged from 2 pg to 2 
×103 pg, and that Ct values ranged from 19 to 30 cycles. The Ct value of the reference standard 
curve was used to convert Ct values of the test samples to the quantity of fungal DNA in 
picograms.  
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             Assessment of disease resistance traits among soybean lines in response to 
inoculation. There were significant (P < 0.001) differences among genotypes for number of 
lesions, number of uredinia, lesion area, lesion diameter and fungal DNA, but not for disease 
severity (Table 2.2). For isolates, there were significant differences in the number of lesions (P < 
0.001), number of uredinia (P < 0.001), lesion area (P < 0.01) and fungal DNA (P < 0.05), but 
not for disease severity or lesion diameter (Table 2.2). There was a significant genotype × 
isolate interaction for the number of lesions (P < 0.001), number of uredinia (P < 0.001), lesion 
area (P < 0.05) and fungal DNA (P < 0.05), but not for disease severity, number of lesions, or 
lesion diameter. For the three susceptible controls, Williams 82, Maxcy and LD00-3309, more 
fungal DNA and larger lesion areas were found after inoculation with  LA-BC09 compared to 
FL-Q09-1 (Fig 2.3, Fig 2.4).  
 As expected from the visual disease assessments, most soybean plant accessions with an 
RB reaction type had fewer uredinia and less fungal DNA than plant accessions with a TAN 
reaction type. (Fig 2.3 and 2.4). As can be seen by comparing Fig 2.3 and 2.4, data for lesion 
area were consistent with differences in the quantity of fungal DNA for most of the plant 
accessions (Fig 2.3 and 2.4). However, further statsitical analyses need to be done. The Q-PCR 
method measured the amount of P. pachyrhizi DNA in the soybean tissue and on the surface of 
the leaves, which should have made the measurement more informative than visual disease 
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assessment, though some urediniospores were probably dislodged and lost prior to DNA 
extraction. Visual assessment data indicated that the amount of disease at a given time point, but 
disease severity data alone, from recently infected plants, are not informative about whether the 
amount of disease is likely to increase or the extent to which the host tissue has been colonized 
by the fungus. The Q-PCR data may provide a more informative quantitative measure of the 
ability of a specific fungal isolate to grow and reproduce on the leaf tissue of a given host plant.  
 L85-2378, the Williams 82 isoline with Rpp1, had significantly lower numbers of 
uredinia and a smaller total lesion area than other plant accessions, as well as the smallest 
amount of fungal DNA on the basis of the mean from the two 2009 isolates (Table 2.3). Rpp1 
was known to provide a higher level of resistance than Rpp2, Rpp3 and Rpp4 (Walker et al., 
2011), but an immune reaction has only been reported when Rpp1 plants were inoculated with 
specific isolates (Bonde et al., 2006; Paul and Hartman, 2009; Pham et al., 2009; Miles et al., 
2011).  
 After comparing the amount of fungal DNA measured by quantitative PCR for the seven 
resistant plant accessions (Table 2.4), we found that there was no significant difference between 
PI 567102B and L85-2378. PI 567102B was found having Rpp6 recently, and L85-2378 has 
Rpp1. There was significant difference (P < 0.0001) between PI 567104B and L85-2378. There 
was also significant difference (P < 0.0001) between PI 606440A and the combined effect of PI 
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203398 and PI 506947.  There was significant difference (P = 0.0072) between PI 567102B & PI 
567104B and other five resistant plant accessions. There was also significant difference (P < 
0.0001) between PI 567102B & PI 567104B and PI 606440A & PI 203398 & PI 605891A & PI 
506947. 
 The results shown in Figure 2.6 confirmed the large amount of variation among the ten 
plant accessions based on the statistical method. From the box plot of lesion diameter (Fig 2.6), 
we found that PI 606440A had relatively larger lesion diameters compared to other plant 
accessions, including the susceptible plant accessisons we used in the experiment. PI 203398 had 
an unusually large variation in lesion diameter, probably because multiple lesions were often 
connected together, appearing to be a single large lesion. L85-2378 had the smallest lesion area.  
 Altogether the results confirmed that within the set of SBR-resistant accessions analyzed 
in these experiments, there was significant variation in some visible reaction traits measured (e.g., 
lesion diameter) and in the amount of P. pachyrhizi DNA detected using Q-PCR. Although this 
does not demonstrate that there are differences in the physiological mechanisms of resistance in 
the resistant PIs tested, the data suggest the possibility that different resistance mechanisms may 
exist.  
 
 
 
 
PI 567102B  
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Fig 2.1 Representative symptoms on leaves of different soybean lines infected with the FL07-1 
isolate 21 days after inoculation. 
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PI 506947 
                      2008 greenhouse experiment                     2010 greenhouse experiment  
                              (Walker et al., 2008)                                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.2 Comparison of the greenhouse experiment in 2008 where soybean leaves were inoculated 
with the local P. pachyrhizi population in Quincy, Florida and the greenhouse experiment in 
2010 where soybean leaves were inoculated with the P. pachyrhizi isolate FL07-1.  
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(Walker et al., 2008)   
 
 
 
 
Fig 2.2 (cont.) 
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Table 2.1 Comparision of greenhouse studies in 2008, 2010 and 2012 
Line/accession  
2008 (Walker 
et al., 2008) 
2010 2012 2012 
Isolate Local isolate* (FL07-1) (FL-Q09-1) (LA-BC09) 
Williams 82  TAN TAN TAN TAN 
L85-2378 (Rpp1) RB IM IM/RB IM/RB 
LD00-3309  TAN TAN TAN TAN 
Maxcy  TAN TAN TAN TAN 
PI 606440A  RB RB RB RB 
PI 605891A  RB RB RB RB 
PI 506947  RB RB RB RB 
PI 567102B (Rpp6) RB RB RB HR 
PI 567104B  RB RB RB HR 
PI 203398  RB RB RB RB 
*Urediniospores used for inoculation were from the local 2007 P. pachyrhizi population 
established in the greenhouse in Quincy, FL, and had a germination rate of ~90% (Walker et al., 
2008).  
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Table 2.2 Analyses of variance for number of lesions, number of uredinia, uredinia per lesion, 
total lesion area, and fungal DNA (pg) produced by two Phakopsora pachyrhizi isolates 
inoculated on 10 soybean genotypes in 2012 greenhouse study. 
 
  Mean Square  
Source of 
variation  
df  
Disease 
severity
u
  
Number of 
lesions
v
 
Number of 
uredinia
v
 
Lesion 
area
w
  
Lesion 
diameter
x
 
 Fungal 
DNA (pg)
y
  
Isolate  1 0.003 1.2***
z
 1.8***  0.12**  0.03  1.9***  
Genotype  9 0.23  0.89***  1.28***  0.41***  0.29***  9.17***  
Genotype×Isolate  9 0.014 0.125*** 0.18***  0.5* 0.02  0.32*  
Error  57 0.01 0.03 0.03 0.02 0.01  0.13 
u
  Rated on a five-point scale, in which 0 = no lesions, 2 = a few lesions, 3 = moderate lesion 
density, 4 =  a heavy lesion density, 5 = a very heavy lesion density (Bonde et al., 2008).  
v 
Quantified from a 1.1-cm-diameter disk of leaflet tissue representing the area surrounding an 
inoculation point.   
w  
Lesion area (mm
2
) within the 1.1-cm-diameter circle containing sporulating uredinia. 
x 
 Lesion diameter (mm) within the 1.1-cm-diameter circle.  
y
 Quantified using quantitative real-time PCR normalized with a standard curve produced from 
the measurements of three 1.1-cm-diameter leaf disks per replication. 
z
 Significance levels: *, P < 0.05; **, P < 0.01; ***, P < 0.001.  
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Table 2.3 Mean number of disease severity, number of lesions, number of uredinia, number of 
sporulating uredinia, lesion area and fungal DNA on leaves of 10 soybean genotypes after 
inoculation with two Phakopsora pachyrhizi isolates FL-Q09-1 and LA-BC09. Values are the 
means for both isolates. 
 
Soybean 
genotype 
Reaction 
type 
Disease 
severity 
Number 
of lesions 
Number of 
uredinia 
Lesion area 
(mm
2
) 
Lesion 
diameter (mm) 
Fungal 
DNA (pg) 
Maxcy TAN 4.4 a 14.5 b 31.1 a 4.4 a 0.62 bc 1994.5 a 
Williams 
82 
TAN 4.1 a 11.4 bc 14.9 b 3.8 a  0.66 ab 1019.4 a 
LD00-
3309 
TAN 3.8 a 10.4 bc 13.0 b 2.3 b 0.53 cd 861.2 a 
PI 
606440A 
RB 2.7 b 4.5 e 5.1 de 1.9 bc 0.74 a 172.1 b 
PI 203398 RB 2.4 b 10.8 bc 9.6 bc 1.6 bcd 0.43 d 27.6 c 
PI 
567102B 
(Rpp6) 
RB/HR 2.6 b 6.0 de 5.6 d 1.1 cd 0.45 de 21.3 c 
PI 
605891A 
RB 2.3 b 23.0 a 7.0 cd 1.1 cd 0.25 fg 5.2 de 
PI 
567104B 
RB/HR 2.2 b 8.1 cd 5.8 d 1.1 d 0.35 ef 7.8 d 
PI 506947 RB 2.4 b 7.2 cde 3.1 e 0.3 e 0.23 g 7.6 d 
L85-2378 
(Rpp1) 
RB/IM 0.3 c 0.4 f 0.0 f 0.0 e 0.20 g 2.4 e 
v
 TAN = tan lesion (susceptible); RB = red-brown lesions (incomplete resistance); and 
IM=immune. 
w 
Quantified from circular 1.1-cm-diameter of the leaf disk area surrounding the inoculation 
point.   
x 
Lesion aea within the 1.1-cm-diameter circle containing sporulating uredinia. 
y
 Quantified using quantitative real-time PCR normalized with a standard curve produced from 
the measurements of three 1.1-cm-diameter leaf disks per replication. 
z
 Means within each column followed by the same letter are not significantly different at P < 
0.05 
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Fig 2.3 Mean lesion area on 10 soybean genotypes inoculated with two Phakopsora pachyrhizi 
isolates. Bar labels with the same letter are not significantly different within each isoalte at P < 
0.05.  
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Fig 2.4 Quantity of fungal DNA on ten soybean genotypes inoculated with two Phakopsora 
pachyrhizi isolates. Means with the same letter are not significantly different within each isolate 
at P < 0.05.  
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Fig 2.5 Representative symptoms on infected leaves on ten plant accessions inoculated by two P. 
pachyrhzi isolates for 2012 greenhouse study. 
 
 
LD00-3309 (FL-Q09-1) 
Williams 82 (FL-Q09-1) 
PI 606440A (FL-Q09-1) PI 605891A (FL-Q09-1) 
Williams 82 (LA-BC09) 
L85-2378 (FL-Q09-1)  Maxcy (FL-Q09-1) 
 Maxcy (FL-Q09-1) 
 Maxcy (LA-BC09) L85-2378 (LA-BC09) 
LD00-3309 (LA-BC09) PI 606440A (LA-BC09) PI 605891A (LA-BC09) 
56 
 
 
 
 
 
 
 
 
Fig 2.5 (cont.) 
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Table 2.4 Contrast results among the seven resistant soybean genotypes for the amount of fungal 
DNA in the 2012 greenhouse study.  
 
 
 
Contrast Mean square F value Pr > F 
PI 567102B vs L85-2378 0.087 0.34 0.5626 
PI 567104B vs L85-2378 8.93 34.71 < 0.0001 
PI 606440A vs (PI 203398 & PI 506947) 11.16 43.42 < 0.0001 
PI 567102B and PI 567104B vs others 1.97 7.68 0.0072 
(PI 606440A & PI 203398 & PI 605891A & PI 506947) 
vs (PI 567102B & PI 567104B) 
5.05 19.63 < 0.0001 
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Fig 2.6 Box plot of lesion diameter on 10 soybean genotypes inoculated with two Phakopsora 
pachyrhizi isolates.  
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Table 2.5 Mean number of disease severity, number of lesions, number of uredinia, number of 
sporulating uredinia, lesion area and fungal DNA on leaves of 10 soybean genotypes after 
inoculation with the Phakopsora pachyrhizi isolate FL-Q09-1. 
 
Soybean 
genotype 
Reaction 
type 
Number 
of lesions 
Number of 
uredinia 
Lesion area 
(mm
2
) 
Fungal 
DNA (pg) 
Maxcy TAN 13.9 ab 28.3 a 4.3 a 2027.8 a 
Williams 82 TAN 7.9 bcd 9.7 b 2.9 ab  958.6 ab 
LD00-3309 TAN 7.3 cd 9.0 bc 1.5 bcd 788.6 ab 
PI 606440A RB 3.8 d 5.0 bc 1.5 bcd 187.0 bc 
PI 203398 RB 10.3 bc 9.7 b 2.8 abc 109.3 cd 
PI 567102B 
(Rpp6) 
RB/ 3.6 d 2.5 bc 0.5 d 10.6 de 
PI 605891A RB 19.1 a 8.7 bc 1.2 cd 4.4 e 
PI 567104B RB 5.4 cd 2.5 bc 0.5 d 1.2 ef 
PI 506947 RB 3.5 d 1.0 bc 0.2 d 8.3 ef 
L85-2378 
(Rpp1) 
RB/IM 1.7 d 0.0c 0.03 d 0.7 f 
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Table 2.6 Mean number of disease severity, number of lesions, number of uredinia, number of 
sporulating uredinia, lesion area and fungal DNA on leaves of 10 soybean genotypes after 
inoculation with the Phakopsora pachyrhizi isolate LA-BC09. 
 
Soybean 
genotype 
Reaction 
type 
Number 
of lesions 
Number of 
uredinia 
Lesion area 
(mm
2
) 
Fungal 
DNA (pg) 
Maxcy TAN 17.7 ab 39.5 a 5.2 ab 3002.0 a 
Williams 82 TAN 18.7 ab 25.3 b 5.7 a  1561.1 a 
LD00-3309 TAN 15.1 ab 19.3 bc 3.6 bc 1158.6 a 
PI 606440A RB 5.8 b 6.0 d 2.5 cd 223.7 b 
PI 203398 RB 12.8 ab 10.7 d 1.5 de 48.7 cd 
PI 567102B 
(Rpp6) 
HR 11.4 ab 14.0 cd 2.0 dce 55.2 c 
PI 605891A RB 29.5 a 6.9 d 1.2 de 6.3 ef 
PI 567104B HR 15.7 ab 13.4 cd 1.5 de 31.3 cd 
PI 506947 RB 15.6 ab 9.5 d 0.4 e 14.4 de 
L85-2378 
(Rpp1) 
RB/IM 26.0 a 6.3 d 0.4 e 2.7 f 
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CHAPTER 3 
DETACHED LEAF STUDIES OF FUNGAL GROWTH USING QUANTITATIVE PCR 
 
Objective 
 
To confirm that quantitative PCR assays to quantify P. pachyrhizi DNA within infected 
soybean plant tissue will show that infected leaf tissue from susceptible cultivars will have 
higher amounts of P. pachyrhizi DNA than resistant cultivars, and that resistant accessions which 
develop different types of reddish brown (RB) lesions will exhibit variation in the amounts of P. 
pachyrhizi DNA in their tissue at certain time points after infection. 
 
Materials and Methods 
 
Pathogen isolate. The isolate of P. pachyrhizi used in the detached leaf studies was 
called “Quincy 09-1”. It had been purified in the Walker laboratory from an isolate collected in 
Quincy, FL in 2009.  The purified isolate was derived by three cycles of subculturing 
urediniospores emerging from a single uredinium in an isolated lesion, and should therefore be 
equivalent to a single-spore purified isolate. It was assumed that at least one of the isolated 
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lesions from which spores were collected during the four cycles of purification had resulted from 
infection by a single spore. 
 Soybean genotypes. Ten soybean genotypes representing different levels of resistance to 
a 2009 P. pachyrhizi isolate (FL-Q09) collected from soybean in Quincy, Florida, were chosen 
for the experiment. ‘Williams 82’ (MG III; Bernard and Cremeens, 1988), ‘LD00-3309’ (MG 
IV; Diers et al., 2006), and ‘Maxcy’ (MG VIII; Shipe et al. 1995) are cultivars that were used as 
susceptible controls. The other seven genotypes, L85-2378 , PI 606440A, PI 506947, PI 
567104B, PI 567102B , PI 605891A and PI 203398  were selected because they had developed 
distinctly different types of lesions in an earlier assay, as mentinoned previously  (D. Walker, 
personal communication; Walker et al., 2008). PI 606440A originated from the northern part of 
Vietnam, PI 506947 originated from Kyūshū province of Japan, and PI 567102B and PI 
567104B are from East Java in Indonesia (Germplasm Resources Information Network, 
www.ars-grin.gov/npgs/searchgrin.html). PI 567102B was recently found to carry the Rpp 6 
gene (Li et al., 2012). PI 605891A originated from Vietnam, and PI 203398 is an old cultivar 
originating from Brazil.  
Plant propagation. Soybean plants were grown in trays placed in growth chambers 
(Percival Scientific Inc., Perry, IA) maintained at 20 to 24ºC, and at 60 to 70% humidity, with 14 
h of 500 µmol m
-2
s
-1
 photosynthetically active radiation (PAR) per day. Trays (52 × 26 cm) 
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consisted of 24 cells (9 × 6.5 cm), referred to as pots, were filled with a soilless mix (LC1) and 
fertilized with Osmocote (Scotts Miracle-Gro Co., Marysville, OH) slow-release fertilizer pellets 
applied to the surface of each pot. Each pot was over-seeded with two seeds a single genotype. 
After seeds germinated, the pots were thinned to a single plant. Two pots of each genotype were 
planted and were watered daily as needed.  
Spore collection and plant inoculation. Urediniospores were collected from infected 
Williams 82 detached leaves by means of a vacuum spore collection device (Barnant Co., 
Barrington, IL). Detached leaflets were inoculated immediately after urediniospore collection 
under BioSafety Level 2 conditions in a laboratory at the University of Illinois at Urbana-
Champaign. APHIS regulations governing soybean rust research in Illinois were followed. 
Leaflets were removed from the second or third node of 2- or 3-week-old plants, rinsed three 
times in sterile-distilled water, air-dried for several seconds in a biological safety cabinet, and 
transferred to water agar (WA: 15 g Bacto agar per liter) medium amended with 6-
benzylaminopurine (BAP; 0.1% vol/wt) in 100 × 15 mm plates (Paul et al., 2011). The agar type 
used was determined in a small experiment described below (B.1). A single leaflet from each 
trifoliate was placed in the WA plates with the abaxial (lower) side up, ready for inoculation.  
In each experiment, urediniospores were suspended in sterile distilled water containing 
0.01% Tween 20 (Sigma Chemical Co.) in 2 ml tubes. Urediniospore concentrations were 
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determined using a hemacytometer (Fisher Scientific), and were adjusted as needed to a final 
suspension with 25 to 50 urediniospores per microliter, as used by Paul et al. (2011). Each leaflet 
was inoculated with P. pachyrhizi by placing two 10 to 20-µl drops of urediniospore suspension 
(depending urediniospore concentration) separately on each side of the leaflet midrib, spaced 
equidistantly from each other, for a total of four droplets or inoculation points per leaflets. The 
total number of spores in each inoculation was approximately 1,000. In each replication, several 
inoculations with only a 0.01% Tween 20 solution were also made as controls. Petri dishes were 
sealed with Nescofilm (Bando Chemical, Kobe, Japan) and then placed inside an incubator 
(MLR-35OH, Sanyo Scientific) set at 20 to 22ºC and for a 12-h dark-light cycle.  
Visual disease assessment. Disease development at each of the four inoculation points on 
each leaf was visually assessed with a Zeiss Stemi 2000 CS stereoscope (Carl Zeiss, Oberkochen, 
Germany) equipped with a video camera. Images at each inoculation point were recorded with a 
digital camera mounted on the stereoscope (PAXcam, Villa Park, IL). Lesion types were 
classified as “Tan” or “RB”, as described by Miles et al. (2006). Mixed lesions, which are 
thought to result from infection with more than one pathotype, were not expected in this study, 
since the isolate used had been purified from a single spore. 
 DNA extraction. After imaging, a 1.1-cm-diameter cork borer was used to excise leaf 
tissue including and surrounding each of the six inoculation points at 0, 4, 6, 8, 12, and 16 days 
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after inoculation. The excised leaf disks were placed into a 2-ml DNA extraction tubes (Fast 
DNA Spin KIT-Cat# 6910; MP Biomedicals, Solon, OH) containing Lysing Matrix A and a 
single ceramic bead. Total DNA (host and pathogen) was extracted from each leaf disk sample 
following the manufacturer’s instructions. It was surmised that the relative quantity of P. 
pachyrhizi DNA detected in the leaf tissue surrounding an inoculation point would reflect the 
extent of fungal growth within the host at each time point that tissue was collected.  
   PCR assays. PCR assays were performed to check the quality of our DNA extraction 
products. A total volume of 15 µl reaction mixture was used in PCR assays containing 13 µl of 
bioline buffer, 0.15 µl dNTPs, 0.38 µl of a Ppm1/Ppa2 primer combination, and 0.1 µl Taq DNA 
polymerase, 10.87 µl sterial water and 2 µl sample DNA (Frederick et al., 2001). The PCR 
assays were performed with the following cycling conditions: 94ºC denaturation for 4 min, 40 
cycles of 94ºC for 25 s, 59ºC for 25 s, and 68ºC for 25 s, followed by an extension of 72ºC for 2 
min.  
Q-PCR measurement of P. pachyrhizi colonization. Each Q-PCR reaction mixture had 
2.5 µl of sample DNA combined with a 6.25 µl mix that included Platinum Q-PCR SuperMix 
UDG (2×) (Invitrogen), 0.05 µl 1.0 M MgCl2, 0.038µl of a P. pachyrhizi primer pair, 0.125 µl P. 
pachyrhizi FAM probe, 0.188 µl PpaIC Cy5 probe, 0.025 µl PpaIC ssDNA template, 0.025 µl 
ROX reference dye and 3.262 µl ultrapure water to make a total of 10 µl of reaction mixture 
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(Frederick, 2012; Paul et al., 2011). Each sample with Q-PCR reaction mixture was placed in a 
separate well in 96-well special Q-PCR plates (Agilent Technologies, Palo Alto, CA). A non-
DNA template control inoculation with only 0.01% Tween 20 was included in each plate as an 
external control (Paul et al., 2011).  
Fungal DNA was quantified using a MX3005P thermal cycler (Stratagene, La Jolla, 
California) with ROX as a reference dye. Reaction conditions included an initial incubation for 2 
min at 60ºC, 40 cycles at 95ºC for 15 s, denaturation at 95ºC for 2 min, and a final extension for 
30 s at 60ºC. Threshold cycle (Ct) values were determined for the samples based on cycle 
threshold. The quantity of P. pachyrhizi DNA was estimated from reference dilutions of DNA 
samples that were used to generate a standard curve as described by Paul et al., 2011.  
Statistical analyses. Data from visual disease assessments and Q-PCR were transformed 
using a log10 transformation to correct non-homogeneity of variances among the samples (Little 
and Hill, 1978; Paul et al., 2011). Data were analyzed using the JMP (SAS Institute) MANOVA 
repeated measures procedure. Linear regression of fungal DNA quantities on days after 
inoculation was performed to determine whether the increase in fungal DNA after inoculation 
was linear.  
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Results and Discussion 
 
           There was a significant effect for genotypes (P < 0.001) of different soybean accessions 
after inoculated with FL-Q09-1 in the detached leaf study in 2012 on the basis of the quantitative 
PCR data (Table 3.1). There was also a significant effect (P < 0.001) for sample days. In leaf 
tissue of the susceptible cultivars Williams 82, LD00-3309 and Maxcy, there was a similar 
steady increase in fungal DNA concentration over the course of the experiment (Fig 3.1).   The 
lower amount of fungal DNA detected in LD00-3309 at 12 days after inoculation may have been 
the result of experimental error, but the actual cause is unknown. There was a significant 
interaction between genotype and day for DNA quantity (P < 0.001) following inoculation with 
isolate FL-Q09-1 (Table 3.1),  
PI 203398 developed TAN lesions with sporulation in the detached leaf study and had a 
unique pattern of changes in the quantity of fungal DNA detected in leaflets during the course of 
this experiment (Fig. 3.1). The P. pachyrhizi DNA quantity in PI 203398 initially dropped from 
day 0 to day 6, but subsequently increased through day 16, and was not significantly different 
from the levels in the susceptible control Maxcy at days 12 and 16. The pictures taken on 
different days after inoculation showed a pattern that corresponded with the Q-PCR results (Fig. 
3.2).  
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The fungal DNA quantification pattern for L85-2378 (Rpp1) inoculated with isolate FL –
Q09-1 was also unique among the soybean lines tested. The initial quantity of fungal DNA was 
equivalent to that found in the other plant accessions, but it dropped gradually from day 0 to day 
16. This presumably resulted from the degradation of DNA in urediniospores used to inoculate 
the leaflets, and indicates immunity or near-immunity. As can be seen in the photos from Fig. 3.2, 
L85-2378 was the only line tested that did not develop distinct SBR lesions. In addition, L85-
2378 and PI 200492, the original source of the Rpp1 gene, consistently showed high levels of 
resistance to field populations of P. pachyrhizi in the southeastern U.S. between 2006 and 2008 
(Walker et al., 2011), and were also highly resistant in 2009 (D. Walker, personal 
communication).  
PIs 567102B, 567104B, 605891A and 606440A exhibited similar patterns for changes in 
P. pachyrhizi concentrations over time, and PI 506947 was also similar until a sudden increase in 
fungal DNA occurred between 12 and 16 days (Fig. 3.1). The DNA amount for PI 606440A 
dropped from day 0 to day 4, but then increased until day 16. Since the apparent decrease was 
based on samples collected at a single time point, it is possible that the temporary decrease in 
fungal DNA resulted from experimental error. Additional analyses should therefore be conducted 
to determine whether this decrease is repeatable. The same is true regarding the apparent upsurge 
in fungal DNA in the tissue of PI 506947, which is based on data from a single time point (Fig. 
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3.1).  On average, PI 506947 had larger lesions than the other resistant plant accessions shown in 
Figure 3.2.   
 The Q-PCR results showed that initial inoculum amounts applied to each genotype and 
measured at day 0 were similar among different plant accessions. Fungal development in the 
susceptible genotypes progressed faster than in the resistant genotypes, as expected. This is 
similar to the results of the Q-PCR study on soybean rust by Paul et al. (2011), an oat-crown rust 
study (Jackson et al., 2006), a Phytophthora capsici study in peppers (Silvar et al., 2005), and a 
Magnaporthe grisea study in rice plants (Qi and Yang, 2002). In the Paul et al. (2011) study, 
fungal DNA amounts in the susceptible plant accession Williams 82 initially declined between 
day 0 and day 4 post-inoculation, but subsequently increased through day 16. In our experiments, 
however, we did not analyze fungal DNA amounts on day 2, and observed only a steady increase 
in the quantity of fungal DNA. The DNA amount slightly declined from day 12 to day 16 for 
Williams 82, possibly due to a mistake in handling the samples. The same situation occurred in 
the susceptible control LD00-3309 from day 8 to day 12. More replications are suggested for 
future experiments. 
 The regression lines appeared to follow the same trends as the plots of fungal DNA 
versus days after inoculation for each soybean plant accession (Fig 3.1, Fig 3.3). The regression 
line for L85-2378 had a negative slope (b = -0.05 ±0.02), which indicated that there was an 
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overall decline in fungal DNA. The regression lines for Williams 82 (b = 0.12 ±0.02), LD00-
3309 (b = 0.12 ±0.65), Maxcy (b = 0.15 ±0.02), PI 606440A (b = 0.06 ±0.03), PI 605891A (b 
= 0.03 ±0.02), PI 506947 (b = 0.09 ±0.03), PI 567102B (b = 0.03 ±0.02), PI 567104B (b = 
0.04 ±0.02), and PI 203398 (b = 0.18 ±0.03) all had positive slopes.  
 DNA-based tools for detection and quantification are sensitive and consequently can be 
greatly influenced by the inoculum application method and sampling (Jackson et al., 2006). A 
reliable Q-PCR assay is dependent on highly consistent DNA extractions from infected tissues, 
and development of a dependable standard curve to convert Ct values to fungal DNA amounts 
(Qi and Yang, 2002; Jackson et al., 2006). To ensure the uniformity of the initial inoculation 
with fungal  spores, several techniques have been developed, including a pneumatic sprayer, 
special spray chambers , spore settling towers, direct application with cotton swabs, oil-based 
hand-held spray, and water-based swab inoculation methods (Andres and Wilcoxson, 1984; 
Brown and Kochman, 1973; Hsiang and Zhao, 2004;  Jackson et al., 2006; Rowell and Olien, 
1957). In our experiments with detached leaves, a pipette inoculation method similar to the one 
used by Paul et al. (2011) was used. In the future, an experiment comparing different methods 
for repeatability needs to be done to reduce sample handling or inoculation errors in Q-PCR. 
 In the van de Mortel et al. (2007) paper about changes in mRNA levels in response to 
Asian soybean rust infection, differences between the resistant and susceptible plants were 
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observed in the magnitude and rate of a second round of gene expression that occurred after a 
few days. Rpp2-mediated defenses were initiated prior to three days after inoculation. We do not 
know which resistance genes are in most of the soybean rust resistant genotypes that we used in 
these studies, but it is possible that the expression of some of the resistance genes in those 
resistant genotypes was initiated prior to three days after inoculation, which might explain why 
the quantity of fungal DNA declined from day 0 to day 4 for some of the resistant plant 
accessions.  
 We found that PI 203398 developed TAN lesions on detached leaves after being 
inoculated with FL-Q09-1, but RB lesions in the greenhouse experiment for both isolates of FL-
Q09-1 and LA-BC09.  PI 203398 developed TAN lesions in a 2007 field evaluation  of reactions 
to a field population in Bossier City, LA (Walker et al. 2011). This plant accession was reported 
to have predominantly non-sporulating RB lesions at five weeks after inoculation with a 2007 
bulk isolate from Florida, but to have developed a higher density of sporulating lesions by seven 
weeks after inoculation (Walker et al., 2008). Maintaining detached leaves in a healthy condition 
for five to seven weeks, so further greenhouse studies would probably be  a better way to study 
the reaction of PI 203398 over a more extended period of time than was possible with detached 
leaflet cultures. On the basis of the information above, it seems likely that PI 203398  may have a 
rate-limiting type of resistance that is only effective early in the infection process. Inoculated 
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with the same isolate of Phakopsora pachyrhizi, PI 203398 showed different reaction types in 
the greenhouse and growth chamber. It is possible that different inoculation methods can trigger 
different genes related to resistance to Phakopsora pachyrhizi in PI 203398. It is also possible 
that pipette inoculation places a very large number of spores in a small area, whereas inoculation 
with an airbrush or other spray device results in a lower density of spores over a larger area. The 
high concentration of spores in a pipette inoculation may induce necrosis at the point where the 
inoculation is made, and this may resemble an RB lesion.  
 In summary, the results of this study showed that there were significant differences 
among the soybean genotypes for the quantity of fungal DNA during the time points at which 
samples were tested. The observations generally followed expectations, with P. pachyrhizi DNA 
increasing more rapidly in the susceptible checks than in most of the resistant germplasm 
accessions. PI 203398 was unique in that it seemed to show some resistance during the early 
period of the infection, but experienced a rapid increase in fungal DNA levels between 6 and 12 
days after inoculation, after which the fungal DNA was as abundant as the levels in the 
susceptible checks. A more rapid increase in fungal DNA also appeared to have occurred in 
leaflets of some of the other resistant accessions between 12 and 16 days. L85-2378, a Williams 
82 isoline with the Rpp1 resistance gene was unique in having a steady decrease in fungal DNA 
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levels, and this is consistent with its immune or nearly immune reaction to the FL-Q09-1 isolate 
that was used in this study.  
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Table 3.1 Analysis of variance for fungal DNA quantitative polymerase chain reaction (Q-PCR) 
measurements at 0, 4, 6, 8, 12, and 16 days postinoculation in ten soybean genotypes inoculated 
with the Phakopsora pachyrhizi isolate of FL-Q09-1 
 
Source of variation Df F test Value 
Genotype 9 22.68*** 
Day 5 104.22*** 
Genotype × Day 45 14.24*** 
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Fig 3.1 Quantity of fungal DNA (after log10 transformation) in leaflets of eight soybean 
genotypes inoculated with isolate FL-Q09-1 of Phakopsora pachyrhizi measured by quantitative 
polymerase chain reaction.  
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PI 567102B  
 
 
 
 
PI 567104B 
 
PI 506947        
 
Fig 3.2 Representative symptoms on infected leaves of the 10 plant accessions after being 
inoculated with FL-Q09-1 of Phakopsora pachyrhizi on day 4, day 8, day 12, and day 16.  
Maxcy 
PI 606440A 
PI 605891A 
PI 203398 
                   Day 4                    Day 8                       Day 12                   Day 16 
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Fig 3.2 (cont.)  
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Fig 3.3 Regression of Fungal DNA (pg) against days after inoculation. A, Williams 82, log10 
fungal DNA = 0.77 + 0.12 (day), R
2
 = 0.74; L85-2378, log10 fungal DNA = 0.48 – 0.05 (day), R
2
 
= 0.32. B, LD00-3309, log10 fungal DNA = 0.63 + 0.12 (day), R
2 
= 0.65; Maxcy, log10 fungal 
DNA = 0.43 + 0.15 (day), R
2 
= 0.83; PI 203398, log10 fungal DNA = -0.19 + 0.17 (day), R
2 
= 
0.71; PI 506947, log10 fungal DNA = 0.12 + 0.09 (day), R
2 
= 0.43; PI 567102B log10 fungal 
DNA= 0.60+0.03 (day), R
2 
= 0.15; PI 567104B log10 fungal DNA= 0.51 + 0.04 (day), R
2 
= 0.16; 
PI 605891A log10 fungal DNA= 0.26 + 0.03 (day), R
2 
= 0.14; PI 606440A log10 fungal DNA= -
0.02 + 0.06 (day), R
2 
= 0.17. 
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CHAPTER 4 
Conclusions 
 
 In the 2010 greenhouse study, we found that when challenged with the FL07-1 isolates of 
P. pachyrhizi, most of the SBR-resistant germplasm accessions developed distinctly different 
reaction phenotypes resembling those observed in the original Walker et al. (2008) greenhouse 
study. This conclusion confirmed our first hypothesis, so the 2012 greenhouse study was 
designed to include a more informative visual disease assessment and quantitive assessment of 
fungal DNA using Q-PCR. In the detached leaf experiment with assessment of fungal DNA on 
different days, we found that the trend of the change in the amount of fungal DNA in the leaf 
tissue of different soybean lines over time was similar to changes reported in the soybean rust 
study by Paul et al. (2011). They were also similar to results from the Jackson et al. (2006) study 
of crown rust (Puccinia coronata) growth on oat (Avena sativa) tissue. However, there is also 
some difference between our results and their results. In the paper of Paul et al. (2011), the 
amount of inoculated fungal DNA from all plant accessions dropped from day 0 to day 2, and 
increased or decreased from day 2 on. The amount of fungal DNA may have decreased as a 
result of degradation of spores that did not germinate or that failed to establish successful 
infections. In the present study, fungal DNA levels were not analyzed 2 days after inoculation, so 
it is unknown whether the same in initial decrease in fungal DNA occurred initially in our assays. 
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The plant accessions we used were chosen based on different maturity groups and different 
reactions based on 2008 field study by Walker, et al. In our result, the plant accession PI 203398 
is a very interesting plant genotype which showed resistant reaction during the first few days of 
inoculation, and then showed susceptible reactions later. The results were very consistent among 
replications. It is possible that unique resistant mechanism exsits in PI 203398. Further research 
needs to be done to find out the resistant mechanism for this plant accession.  
 In our study, different symptoms of different plant lines with different soybean rust 
resistant genes were analyzed. The different plant accessions showed very different symptoms 
when inoculated with the same isolate. From a plant breeding perspective, the different types of 
resistance reactions observed may indicate that the accessions tested could have more than one 
resistance mechanism, and that the genes associated with those different mechanisms could be 
combined to provide cultivars with more durable resistance to P. pachyrhizi. 
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